The relation of single cell electrical activity to generation of force was determined for myocardium during the development of hypertrophy induced by pressure loading. Transmembrane potentials and isometric active force at optimal length (P o ) were monitored in isolated right ventricular papillary muscles and trabeculae carneae after inducing chronic right ventricular outflow tract obstruction. Cats subjected to partial pulmonary artery occlusion or to sham operation were studied 1, 3, 7, 10, 21, and > 90 days after surgery. Right ventricular musdes were stimulated at 30/min at optimal length in Tyrode's solution (36°C). Muscles from sham-operated and 1 day pressure-loaded hearts had electrical and mechanical properties similar to normal muscles. Right ventricular peak systolic and end-diastolic pressures were increased for 1 and 3 day pressure-loaded hearts; the percent of right ventricular water was increased for 3, 7, and 10 day pressure-loaded hearts. Muscles from 3 day pressure-loaded ventricles had significantly decreased P o , maximum rate of force development, time to peak force, and duration of contraction compared with normal muscles, and their action potential plateaus originated at more negative potentials (mean 24.7 mv for 11 muscles). The alteration in action potential configuration was less obvious in muscles studied 7 and 10 days after partial pulmonary artery occlusion and did not occur 21 and > 90 days after pressure loading; however, P o and maximum rate of force development remained decreased, although time to peak force and duration of contraction returned to normal for preparations from 7, 10, 21, and > 90 day pressure-loaded ventricles.
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• Experimental chronic partial occlusion of the pulmonary artery is followed by increased right ventricular systolic pressure and enlargement of muscle cells in the pressure-overloaded ventricle (1, 2) . This compensatory ventricular hypertrophy may permit the maintenance of cardiac performance
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Received July 13, 1972 . Accepted for publication October 30, 1972. during (he pressure stress. However, studies on the mechanical activity of muscle from pressure-loaded hypertrophied ventricles of several mammalian species have yielded conflicting data as to the intrinsic contractility of the myocardial fibers (1) (2) (3) (4) (5) (6) (7) .
In contrast to the divergent but available mechanical data, there are few studies on the transmembrane electrical properties of hypertrophied cardiac muscle. Konishi (8) reported no significant alterations in the electrical properties of single cells of hypertrophied rabbit ventricle studied 5-10 months after imposition of ventricular pressure overload. In 1971, Kaufmann et al. (6) showed that the force-velocity relation was depressed in muscles dissected from cat ventricles showing a particular degree of hypertrophy induced by pressure loading (the ratio of right ventricular free wall weight (g) to body weight (kg) was more than 1.2). They proposed that the contractile defect did not arise from and was not associated with any alteration in membrane electrical properties, since their data demonstrated that the magnitude of the resting potential and the amplitude, the duration, and the maximum rate of rise of phase 0 of the action potential were normal in six muscles removed from hypertrophied ventricles. Inspection of their data indicates that the degree of right ventricular hypertrophy they chose to study occurred as early as the fifth day after experimental partial pulmonary artery occlusion. Their results suggest and the experiments of others (2, 9) show that there may be increases in the percent of myocardial water in the first days following sudden partial obstruction of ventricular outflow. It is unclear whether Kaufmann et al. (6) recorded transmembrane potentials during the early stages of hypertrophy induced by pressure loading, i.e., in muscles with an altered percent of water.
We used micro electro de and isometric recording techniques to evaluate the electromechanical properties of cat ventricular muscle at specified intervals after partial ligation of the pulmonary artery in an effort to systematically characterize the electrical behavior of single cells of hypertrophied myocardium and to determine the relation of membrane electrical activity to any alterations in contractility.
Methods
Adult cats (1.7-2.6 kg) were anesthetized with sodium pentobarbital (30 mg/kg, ip). Intermittent positive-pressure ventilation was provided by an endotracheal tube and respirator (Harvard Apparatus Company). Under aseptic conditions, the chest was opened through a left intercostal space 2 cm cephalad from the apical beat (10) . The pericardium was opened widely, and a section of the main pulmonary artery was dissected away from the ascending aorta. Ventricular pressure overload was induced by using in umbilical tape bard to partially constrict the pulmonary artery to 15-20$ of its original measured diameter. Approximately a third of the cats with partal pulmonaiy artery occlusion died within 24 hours of the banding procedure. In addition to the experimental group of banded cats, identical sham operations were performed on a second group of cats, using large nonocclusive umbilical tape ties. The experimental (banded) and the sham-operated cats were killed 1, 3, 7, 10, 21, and >90 days after the surgical procedure. Data from cats showing any overt signs of cardiac failure such as ascites, pleural effusion, hepatomegaly (in combination with a markedly elevated right ventricular end-diastolic pressure >8 mm Hg) were not included in this paper. We also studied and report data from a group of normal unoperated cats.
All operated and normal cats were weighed just prior to the time of study; the cats were anesthetized with sodium pentobarbital (30 mg/kg, ip) and a lead II electrocardiogram was recorded on a multichannel oscillograph (Electronics for Medicine); there were no cardiac arrhythmias in the cats reported on in this study. After tracheostomy, each cat was mechanically ventilated with the intermittent positive-pressure respirator. The right thorax was opened, and the right ventricular pressure was measured by direct puncture of the heart with a 22-gauge needle attached to a flexible catheter and a Statham blood pressure transducer; ventricular pressure was recorded on the oscillograph. After ventricular pressure had been measured, the heart was rapidly excised and washed at room temperature in several changes of Tyrode's solution equilibrated with a gas mixture of 95% O 2 -53S CO 2 . Tyrode's solution had the following millimolar composition: NaCl 137, NaHCO s 12, KC1 4, CaCL, 2.7, NaH 2 PO 4 1.8, MgCl j 0.5, and dextrose 5.5.
The heart was then transferred to a dish containing oxygenated Tyrode's solution. A papillary muscle and, for some hearts, a trabecula were dissected from the free wall of the right ventricle; the second muscle was stored in cool Tyrode's solution until it was used. Each end of the muscle preparation was tied with 6-0 silk suture to separate very short segments of fine gold chain. The muscle was horizontally positioned in a water-jacketed Lucite myogiaph with a volume of 8 ml; an illustration of the myogTaph appears elsewhere (11) . The isolated muscle was illuminated with fiberoptic rods mounted below and on one side of the tissue chamber. One chain was attached to a hook on a rigid, fine micrometer movement mounted at one end of the tissue chamber; this movement permitted us to vary muscle length and also could be set to allow some rotation of the muscle around its longitudinal axis. The other chain was fixed to a hook attached to the tip of a force transducer (Statham TJC-2) mounted through the opposite wall of the chamber. Compliance of the recording system in the absence of a muscle was < 20 fi/g. For this measurement, one end of a gold chain identical to those used in the experiments was tied directly with wet 6-0 silk suture to the hook on the tip of the force transducer, and the other end was tied to the hook of the fine micrometer movement. Compliance was measured as the change in length per gram of load between 0 and 3 g. The output of the transducer was amplified and displayed on an oscilloscope (see below) and the multichannel oscillograph. The rate of development of force was measured either by analysis of photographs of isometric contraction recorded at fast sweep speeds (10-20 msec/ em) or by using a differentiating circuit composed of an operational amplifier in conjunction with a resistance-capacitance network. The length of the muscle was adjusted to give a small resting force, and stimulation was initiated. Then, muscle length was gradually adjusted to optimal length so that each preparation developed maximum isometric active force at the temperature, rate of stimulation, and ionic environment used in this study. Resting force also was measured for each muscle at optimal length.
Many of the muscle preparations studied were fairly rectangular or slightly ellipsoid in cross-sectional shape; the cross-sectional area at optimal length was obtained by measuring the average width and depth oF the rotated preparation with a calibrated ocular micrometer disc and an Olympus stereomicroscope. For cylindrical preparations, average muscle diameter was measured using the same optical system. Active and resting force were expressed per cross-sectional area, and, to simplify the comparative analysis of the mechanical properties of the muscle preparations, we selected and studied muscles of similar cross-sectional areas from normal, sham-operated, and pressure-loaded hearts.
Tyrode's solution equibrated with 95% O 2 -5i6 CO 2 was infused into the tissue chamber at a constant rate of 8 ml/min by a peristaltic pump (Harvard Apparatus Company) and was removed by suction from a small accessory chamber located beyond the tissue chamber. Tissue chamber temperature was maintained at 36 ± 0.1°C by a constant-temperature circulating pump (Lauda, K2/R) which heated the water flowing through the chamber jacket and the glass coU through which the Tyrode's solution passed before entering the chamber. Chamber temperature was monitored with A thermistor and telethermometer (Yellow Springs Corporation). A fine, sintered-glass gas dispersion tube mounted through the bottom of the myograph was used to admit direcdy the oxygen and carbon dioxide gas mixture to the tissue chamber.
After suitable preparations were obtained and mounted in the chamber, the atria and the blood vessels were cut from the heart. Surface fat was trimmed from the ventricles, and the entire right ventricular free wall was dissected free and weighed after gentle blotting with filter paper to remove surface water. The same procedures were used for the remainder of the heart {left ventricle and septum). The right ventricular free wall was dried to a constant weight of 100° C over 1-2 days. All ventricular weights are expressed relative to body weight at the time of death (body weight for the operated cats did not differ significantly from the preoperative body weight).
The muscle preparations were stimulated through 3ne bipolar silver wires (Teflon insulated except at the tips) at a rate of 30/min, using square-wave pulses of 2-3 msec in duration; stimulation voltage was set about 5-10% above threshold (Tektronix wave-form pulse generators 161 and 162). Class microelecrrodes were machine pulled (Industrial Science Associates); electrodes with tip resistances of 15-25 megohms and tip potentials of less than 10 mv were used to impale single cells in each muscle preparation. Transmembrane potentials were recorded through the microelectrodes, which were filled with 3M KC1 and connected with AgCI-Ag wire to a preamplifier having input capacity neutralization (Bioelectric, NF1). A similar 3M KC1, AgCI-Ag connection was used to ground the muscle chamber. The outputs of the NF1 amplifier and the transducer amplifier were displayed on a dual-beam or a storage oscilloscope (Tektronix, RM 565, RM 564) and were photographed with appropriate cameras (Polaroid, Grass Instrument). Input capacity neutralization and the rate of rise of phase 0 of the action potential were monitored on each sweep of the oscilloscope using a circuit previously described (12) . For each muscle preparation, numerous impalements were made across the entire surface and several layers deep to obtain transmembrane potentials representative of the population of cells; data in tables represent measurements of electrical properties of 10-20 cells for each muscle. No measurements of electrical and mechanical properties were made until 1 hour after the muscle was placed in the chamber. Action potential duration was measured at 70% and 100% repolarization. We attempted to estimate phase-2 duration by drawing tangent lines (fitted by eye) to the slopes of phases 2 and 3 (the interval from the end of phase 1 to the intersection of the tangent lines was considered phase-2 . 3 *3J
Note that heart rate wis increased in banded cats (cats with partial pulmonary artery occlusion) studied 1 and 3 days after induction of pressure loading. The increiae was not significant for the 1 day pressure-loaded hearts compared with the 1 day sham-operated hearts. Heart rate did rwi increase for all banded cats aa a group. Note that right ventricular (RV) end-diastolic pressure was significantly greater in 3 day banded cats compared with 1 day banded cats (P < 0.05). Total number of cats subjected to banding was 43; for technical reasons pressures could not be obtained for r> cats. *P < 0.01 with respect to normal or sham-opertted c&U-fP < 0.05 comptres with normal cats. fP < 0.05 with respect to normal or sham-operited cats. duration). (See ref. 13 for a definition of phases 1, 2, and 3 of the cardiac action potential.) All results are expressed as means ± SE. Student's ttest for independent observations was used to determine if differences were significant (14) .
Results
Partial ligation of the pulmonary artery resulted in right ventricular systolic hypertension, and there also was a significant rise in right ventricular enddiastolic pressure ( Table 1 ). The degree of right ventricular hypertrophy for the hearts with partial ligation of the pulmonary artery was determined by the ratio of the wet weight of the right ventricular free wall to the body weight at the time of study. It is evident that, beginning on the third day after inducing chronic partial pulmonary artery occlusion, there was a significant increase in right ventricular weight for the pressure-loaded (banded) cats (Fig. 1) . In contrast, the weight of the right ventricles of sham-operated cats remained in the normal range (Fig. 1) . Chronic pressure overload of the right ventride did not result in any significant changes in the ratio of the wet weight of the left ventride and septum (g) to the body weight (kg); the ratios were 2.85±0.09 (normal), 2.97±0. 15 (sham-operated), and 2.97 ±'0.11 (right ventricular hypertrophy).
Part of the increased right ventricular weight in pressure-loaded hearts resulted from an increased percent of water in the myocardium subsequent to the banding procedure. This change in water content is shown by the decrease in the ratio of dry weight to wet weight for the right ventricle in hearts studied 3, 7, and 10 days after imposition of the pressure load (Fig. 2) . The ratio of dry weight to wet weight for the right ventricle returned to the normal range for hearts obtained 21 and > 90 days after the banding operation (Fig. 2) .
Partial pulmonary artery constriction induced approximately the same level of right ventricular systolic hypertension for the 1 and 3 day pressureloaded hearts (Table 1) . Both groups also demonstrated significant rises in right ventricular enddiastolic pressure; the mean end-diastolic pressure for the 3 day pressure-loaded ventricles was slightly but significantly greater (P<0.05) than that noted for the 1 day pressure-loaded hearts ( Table 1) . The mean heart rates also were increased for the 1 and 3 day pressure-loaded cats (Table 1) .
For our study, we utilized only muscles of comparable cross-sectional area. Because of this selection, there were no significant differences between the cross-sectional areas of preparations from normal, sham-operated, and 1 and 3 day pressure-loaded ventricles ( Note that there are no significant differences between control and exper mental muscles with respect to cross-sectional area and resting force. Banded cats had partial pulmonary artery occlusion. Po = maximum isometric active force at optimal length, dP/dt = maximum rate of development of force, and TTP = tine to p«ak force.
*P < 0.05 with respect ot normal muscles.
Maximum isometric active force at optimal length (Po) and maximum rate of development of active force (dP/dt) were normal in muscles from 1 day pressure-loaded ventricles (Fig. 3, Table 2 ). In contrast, the same properties were significantly decreased ( P < 0.05) in the muscles removed from ventricles working under an increased pressure load for 3 days (Fig. 3, Table 2 ). In addition, for the muscles from 3 day pressure-loaded hearts, there was a significant decrease (P < 0.05) in the time to peak force and the total duration of contraction, although these parameters were unchanged in sham-operated muscles and in muscles removed from 1 day pressure-loaded ventricles (Fig. 4 , Table  2 ). The resting force at optimal length did not differ significantly for these groups of muscles (Table 2) .
A marked change in the configuration of the action potential accompanied tbe depression in contractility of muscles from 3 day pressure-loaded ventricles (Fig. 5) 
Action potentials (top traces) recorded in muscles from ttvo different 7 day pressure-loaded ventricular muscles of normal, 1 day pressure-overloaded, 3 day sham-operated, and 3 day presiure-overhaded cats. Note the rapid phase of repohrizaiion (phase 1) and the slower period of repolarizatim (phase 2 or platetu) for ihe normal, 1 day presiure-ovtrloaded, and 3 day sham-operated muscles. Ir. contrast, phase 1 is more pronounced as phase 2 is shifted to a more negative voltage in the muscle removed from the 3 day pressure-overloaded ventricle. Bottom traces show first derivatives of the action potential upstroke at a font iweep speed.
repolarizat i on was more prominent. Action potential configuration for these 3 day pressure-loaded muscles resembled that of canine PuTkinje fibers. The shift in plateau voltage to a more negative level was noted in all impalements made in muscles dissected from ventricles 3 days after imposition of the increased pressure load. The shift in plateau voltage and the altered action potential shape were never observed in any impalement in muscles removed from normal, sham-operated, or 1 day pressure-loaded ventricles (Fig. 5) . The altered action potential shape was unaffected by continued superfusion with Tyrode's solution; the maximum period of study was 3 hours. For the 11 experimental muscles obtained on the third day subsequent to the imposition of the increased pressure load, the shift in the origin of the plateau averaged 24.7 mv compared with data recorded from muscles of normal and sham-operated hearts (Fig. 6 ). There were no statistically significant differences among normal, sham-operated, or 1 and 3 day pressureloaded muscles with respect to resting potential, action potential overshoot, action potential duration at 70% and 1003! repolarization, and maximum rate of rise of phase 0 of the action potential (Table 3) . The durations of the plateau (phase 2) for the preparations from the 3 day pressure-loaded ventricles varied from muscle to muscle, but there was no significant alteration in the mean duratiorj For this group compared with the plateau durations Doted for the other groups of muscles (Table 3) .
The action potential configuration was not uniformly altered in muscles removed from cats killed 7 and 10 days after partial pulmonary artery constriction (Fig. 7) . In four of the ten muscles from tie 7 day pressure-loaded group and two of eight fiom the 10 day pressure-loaded hearts, there was a significant alteration in the voltage level of the plateau. Further, for these 7 and 10 day experimental muscles, microelectrode impalements often revealed action potentials that were more triangular than those recorded from normal muscles (Fig. 7) . In several experiments, we recorded from cells of the left ventricle in hearts with altered right 
Shift in voltage for action potential plateau. The solid line (top trace) shows an action potential recorded from a musck of a 3 day pressure-overloaded ventricle. The broken line shows the usual time course of repolarization for normal muscles. For all muscles obtained from 3 day banded hearts, the shift in the origin of the plateau averaged 24.7 mv compared with muscles from normal and sham-operated hearts. Also shown is the isometric contraction (middle trace) and the first derivative of the action potential upstroke at fast sweep speed (bottom trace
. ventricular action potentials and noted that the left ventricular cells had the usual rounded action potential plateau of normal cat ventricle.
Action potential configuration always was normal when we recorded from single cells of right ventricular muscles from cats killed 21 and > 90 days after partial pulmonary artery occlusion (Fig.  8) . The contractility of muscles obtained 7, 10, 21, and >90 days after pulmonary artery constriction (as shown by isometric active force and the maximum rate of development of active force at optimal length) was decreased (P<0.05) in comparison with normal and sham-operated muscles (Fig. 9) . P o averaged 0.70 ± 0.08, 0.52±0.05, 0.89 ±0.10, and 0.48 ±0.10 g/mm 2 for the muscles from 7, 10, 21, and >90 day pressure-loaded ventricles, respectively. Maximum dP/dt averaged 7.7 ±0.7, 4.8 ±0.3, 6.8 ±0.7, and 3.8 ±0.5 g/mm 2 sec -1 for the muscles from 7, 10, 21, and >90 day pressure-loaded ventricles, respectively (compare with values previously cited in Table 2 for normal muscles). However, the time to peak force and the duration of contraction were normal in these muscles obtained from pressure-loaded ventricles at 7, 10, 21, and > 90 days after surgery ( Table 4) . The resting force for the 7, 10, 21, and >90 day pressured-loaded muscles also was not significantly different from normal; mean values were 0.76 ±0.15, 0.69 ±0.13, .0.78 ±0.16, and 0.54 ± 0.17 gfmm 2 for tie 7, 10, 21, and > 90 day pressure-loaded muscles, respectively (compare with normal values in Table 2 ).
Discussion
A number of studies have centered on the contractile properties of isolated mammalian ventricular muscles after experimental ventricular outflow tract obstruction and chronic pressure overloading. Kerr et al. (3) reported an increase in active force developed per unit weight for hypertrophied rat left ventricular papillary muscle, but Grimm et al. (4) indicated that the active force developed by hypertrophied rat left ventricular muscles studied under reasonably similar conditions was comparable to the active force developed by control muscles. Bing et al. (5) also found that there -were no differences in active force at optimal length between control and hypertrophied rat left ventricular muscles of similar cross-sectional areas. Note that there are no significant differences with respect to any of the parameters listed for the six groups of muscles. The number of muscles in each group is the same as in Table 2 . APD = action potential duration at 70% and 100% repolariiation, and dV/dt = maximum rate of rise (depolarization). However, their data showed a decrease in the forcevelocity relation for the isolated ventricular muscles 1 week after aortic constriction (5). A decreased force-velocity relation also has been described by Spann et al. (2) and by Kaufmann et al, (6) for muscles isolated from cat right ventricles hypertrophied by outflow tract obstruction and chronic pressure overload. In addition, Spann et al. (2) reported that the isometric active force developed at optimal length by hypertrophied muscles was decreased compared with normal muscles although the difference was not statistically significant For all hypertrophied muscles, Spann et al. (2) documented a statistically significant decrease in the maximum rate of active force development. Our data show a similar fall in the maximum rate of active force development and a significant decrease in the maximum active force generated by cat papillary and trabecular muscles beginning 3 days after outflow tract obstruction. Our study differs From previous investigations on isolated cat right ventricular muscle, which measured force at lower basic rates of stimulation (2, 6, 7), It is possible that a more rapid rate of stimulation would unmask a contractile deficit not observed at slower rates. Spann et al. (2) , in fact, did report a greater disparity for maximum active force and maximum rate of force development between normal and hypertrophied muscles at a driving frequency of 30/min as compared with that noted for their basic stimulation rate of 12/min. In contrast, Pannier (7) showed no difference in the active force-length relation and the rate of force development between normal and hypeitrophied right ventricular muscles stimulated at a basic rate of 18/min and at faster rates (24-60/min).
There may be several factors involved in depression of contractility of myocardial muscle studied in vitro (15, 16) . Since we selected control, sham-operated, and experimental muscles of comparable size, we do not feel that an increased muscle diameter can explain the decreased contractility of muscles studied 3 days after ventricular outflow tract obstruction. Also, the majority of our muscles had a cross-sectional area or thickness which is probably within the limit for critical diffusion of oxygen at the stimulation rate we used (17) . However, Fisher and Kavaler (1) have suggested that products of the contractile event may accumulate and decrease contractility in vitro even in thin isolated muscles with normal oxidative phosphorylan'on processes. Accumulation of negative inotropic by-products of contraction may account for the difference in results among the four groups studying contractile properties of muscles from hypertrophied right ventricles of cats, especially when considered in relation to the temperature at which the muscles were maintained. Pannier (7) studied his preparations at the lowest temperature, 25°C, Spann et al. (2) used 30°C, Kaufmann et al. (6) used 31°C, and the present study utilized 36°C as the temperature in the tissue chamber. It is possible that greater quantities of negative inotropic by-products of contraction would be formed at higher temperatures and higher rates of stimulation. Furthermore, numerous studies have demonstrated that there are obvious and marked alterations in the metabolism of mammalian cardiac muscle soon after imposition of an increased pressure load (9, (18) (19) (20) . These biochemical changes might be reflected in a greater formation, release, accumulation, or effect of negative inotropic agents during contraction of isolated hypertrophied myocardium at 36°C.
The depression of maiimum active force and maximum rate of force development was probably not due to a change in compliance, since the resting forces for the normal, sham-operated, and pressureloaded muscles did not differ statistically.
The characteristic alteration in action potential configuration occurred simultaneously with a decrease in contractility and an increase in the percent of myocardial water (3 days postoperan'vely). The The differences between the groupe of muscles are not significant. TTP =• time to peak force.
Rntmb, VcL XXXU, J*it**r? 1973
change in action potential configuration may be related to the shifts in fluid and electrolytes that occur in ventricles after experimentally increasing the pressure needed for ventricular ejection (21) . Alterations in the action potential plateau of cat ventricular muscle occur during markedly increased tonicity of the external media (22) ; this action apparently occurs concomitantly with a swelling of the T tubules. A dilation of the T system also has been described for dog heart in acute irreversible failure caused by aortic constriction (23). It is not known whether marked changes in interstitial fluid tonicity and T-tubule geometry result from sudden outflow tract obstruction and subsequent pressure overload in the nonfailing ventricle.
It is accepted that the action potential triggers cardiac contraction through a depolarization-induced release of activator calcium from some cell site (24, 25) ; kinetic analyses indicate that "contractile-related" calcium is located within or at either surface of the cell membrane, T tubnles, or other rapidly exchanging cell sites of mammalian ventricle (2&-28). Various studies have indicated that a voltage-and a time-dependent movement of calcium occurs during the plateau phase of the ventricular action potential in several mammaliar. species (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) ; some inward current continues (at an ever-decreasing level) throughout phase 3 of repolarization (39) . Attempts have been made to relate total action potential duration (40) oi plateau duration (and presumably the duration of the inward flow of calcium) (41) to the level of "cellular stores" (42) of contractile calcium and myocardial contractility.
In voltage-clamp experiments on dog ventricular muscle, the slow inward calcium current is initiated at a membrane potential of -35 to -30 mv; it increases in magnitude as membrane voltage is clamped to less negative voltages ( 34, 35) . The shift in the level of the plateau to more negative voltages, noted in our experiments, might reduce the magnitude of the inwardly directed calcium current. This effect may explain our finding that the contractility of muscles with altered plateaus h decreased since a reduction in the amount of calcium released or otherwise made available during excitation-contraction coupling processes might reduce the number of sites of interaction between actin and myosin and decrease the maximum active force developed (43, 44) . Kaufmann et al. (6) have suggested that the depressed force-velocity relation they reported for hypertrophied cat ventricular muscle may be due to a decrease in the ratio of surface area to volume for the enlarged myocardial cells. This decreased ratio woul d result in a reduction in the amount of calcium distributed (and made available for excitation-con traction coupling) per unit volume of the cell; Kaufmann et al. (6) assumed that tbe amount of calcium passing across the cell membrane per unit area was unchanged. The relation of this calcium hypothesis to our observation that the plateau is shifted to more negative voltages after pressure loading remains to be determined.
It is of interest that the contractile event, though weaker, has a shorter duration in muscles from cats killed 3 days after imposition of ventricular pressure overload. It may be that the altered voltage level for the plateau or the altered voltage level at which phase 3 repolarization begins, or both, could directly influence the rate of relaxation (35) . The shorter duration of an isometric twitch also may be considered with respect to the release of lesser amounts of contractile calcium during each depolarization. If we assume that the initiation and the rate of calcium removal from the vicinity of the contractile proteins are unchanged during pressure overload, then less time might be needed to decrease the free calcium concentration around die contractile elements and to initiate relaxation.
It is possible that the altered action potential we have documented is unrelated to the contractile defect, since action potential shape returns to normal while contractility remains depressed in muscles pressure loaded for 21 days or more. Our hypothesis still would be tenable if contractility in the later stages of hypertrophy is affected by factors other than the altered action potential. The decreased time to peak force and the duration of contraction noted at 3 days after pressure loading and the return to the normal range for these parameters at 7 or more days postoperatively (although P o remains depressed) suggests that there may, in fact, be different mechanisms or processes operating and influencing contractility at various times in the development of hypertrophy.
